Validation of potentials and nanoindentation model

Validation of potentials
To validate the potentials adopted, we calculated some fundamental physical properties of Cu-Ni alloys and compared them with the results obtained with first principles calculations and/or experiment data (Table S1 and Table S2 ). It can be seen in Table S1 and S2 that the parameters for Cu-Ni system potentials can well reproduce the basic physic properties; therefore, they can be used to perform the nanoindentation simulations in this work. The potential between the indenter (C) and layers (Cu and Ni)was chosen as the Morse potential, which has already been used in MD simulation for indentations, and was not verified. 
Validation of nanoindentation model
We also performed nanoindentation simulation on Cu (111) and Ni (111) surface, and the force-depth (P-h) curves were presented in Figure S1 (a), where we can see that the force is positive at h = 0 Å, which should be ascribed to the repulsion between the indenter and specimen atoms when their distance is smaller than the equilibrium one. The same phenomena have also been found in the simulations by other researchers 10, 11 , where a real pairwise potential (LJ or Morse potential) was used to describe the force between the indenter and the films, rather than using a repulsive potential (V(r ij ) = K(R−r ij ) 2 ). According to the Hertz contact theory, P can be expressed as 4 3 To compare our result with that by the Hertz theory, a new depth, h'=h+r c , was introduced to make P=0 at H=0 (Hertz theory), and the P-h' curves was given in Figure S1 (b). To further investigate the difference between result using the indenter consisting of C atoms and that with an perfectly smooth sphere, we performed more nanoindentation simulations on Cu and Ni films with a repulsive potential (V(r ij ) = K(R−r ij ) 2 at different indentation speeds of 50m/s, 10m/s and 1m/s. Figure S3 shows the P-h curves of pure Cu and pure Ni films at different indentation speeds, v, where one can see that P=0 at h=0. We also fitted these curves with Hertz theory, and the fitted parameters E for Cu are 353 GPa, 249
GPa and 215 GPa corresponding to v =50 m/s, 10m/s and 1m/s, respectively, indicating that higher indentation speed results in higher indentation force and higher "reduced mudulus" E.
And the E obtained at v =1 m/s can match the theoretical solution better than the simulation results of indentation at higher speeds 12 . The similar results and the tendency about the fitted parameters E for Ni can be found in Figure S3 
